Abstract: This paper focuses on the state space modeling approach and output torques prediction of torsional vibrations for variable speed wind turbines. The multi-body system model under study is mainly comprised of a wind turbine, a three stage planetary gear box and an induction generator. The masses-springs approach of shaft system differential equations is developed from Newton's law and Lagrange formulas. For an easy comprehension for electrical engineers and tutorial purpose, an electrical equivalent circuit of the system is proposed by using mechanical and electrical components similarities. Extensive numerical simulations are performed to investigate system mechanical resonances and impacts of damping factors on the system dynamic and stability.
Introduction


Future demand for clean energy around the world will cause hydro, steam and wind grids that are connected to the current distribution networks to rapidly increase in size. This significant penetration of embedded generations of various plants means developing new techniques for output power smoothing, flicker analysis, mechanical stress on turbines and transient stability improvement of associated generators for secure grid connection of the energy conversion systems [1] [2] [3] [4] . Henceforth, many papers have been proposed for analysis and prediction of torsional oscillations of the drive train of steam, hydro and wind turbines [5] [6] [7] [8] [9] [10] . In Refs. [5] [6] [7] [8] , ordinary differential equations based on dynamic modelling of drive train turbine systems are used for analysis and predictions of torsional torques of turbine-generators that occurred during system disturbances while in Ref. [9] , the frequency-response analysis approach is applied to investigate the torsional oscillations phenomenon. The eigenvalues method for stability analysis of torsional dynamics is developed in Ref. [10] . Limitations of the complex torque coefficients method proposed in Refs. [11, 12] are well outlined in Ref. [13] . Although interesting results are given by methods developed in Refs. [5] [6] [7] [8] , the prediction analysis is not clearly outlined. Approaches proposed in Refs. [9] [10] [11] [12] [13] are in general derived from simplified and linearized system models only adapted for small disturbances that occurred around a given operating point.
In this paper, the state model approach is used for an accurate modelling of WECS (wind energy conversion system) composed of a wind-turbine, a three stage
planetary gear box and an IG (induction generator). For more comprehensible system analysis and interpretation of WECS prediction subject to disturbances, an electrical equivalent circuit of the system is derived by using mechanical/electrical components similarities. Impacts of system parameters on wind-turbine's torsional oscillations predictions are also studied. Finally, the paper deals with frequency-response analysis of WECS.
Dynamic Model of WECS
Synoptic of WECS
The WECS system under study is given in Fig. 1 and the related mass-spring model is illustrated in Fig. 2 . Parameters of the WECS (Fig. 1 ) and the mass-spring model ( Fig. 2 ) are related by:
The dynamic equations of motion for the WECS of 
State Modeling of WECS
The well-known mechanical and electrical components analogies are listed in Table 1 . The WECS's electrical equivalent circuit of Fig. 3 together with the mechanical parameters is derived from the electromechanical analogies of Table 1 .
The electrical differential equations obtained by applying the electric circuit's analysis to the mesh and node of Fig. 3 are formatted into the state form defined by Eq. (10), where the wind turbine and generator torques are selected as system input state variables. (12)
The various shaft torques are chosen as WECS outputs as given by Eq. (13). 
Simulation Results
The state matrices of the WECS model are computed by using Matlab, numerical software and the parameters listed in Table 2 . The WECS' eigenvalues and natural frequencies are given in Eqs. (18) and (19), respectively.
Simulation results of the WECS system at normal operation conditions are given in Fig. 4 , while Fig. 5 shows various output oscillations torques when the WECS is subjected to excitations at the natural system's frequencies. The WECS system eigenvalues are given in Eq. (18) which clearly explain the oscillations of various output torque responses illustrated in Fig. 4 . The WECS is then unstable (marginal stability). However, it can be stabilized by using adequate damper values. Fig. 5 thus shows the stability effects of different dampers values on WECS oscillations. It can be concluded that large damper values have better stability effects. Apart from the use of dampers, WECS system can also be stabilized through poles placement by using the feedback control. The later stabilization method is not discussed in this work. 
Conclusion
A state model for torsional oscillations analysis of WECS torques is presented in this paper. Performance prediction for normal operation and disturbances at system natural frequencies is given. The paper is also concerned with the impact of system parameters on oscillations predictions of WECS torsional resonance. It is observed that large damper values are better stabilizers for WECS systems. The authors are currently working on combining an induction generator model and a saturation analysis in the proposed WECS system model. 
